The characteristics of a solid-state capacitor based on Ppy (polypyrrole)/Al 2 O 3 /Al prepared by the constant-current method are investigated. The surface composition of aluminum (Al) foil analyzed to by electron spectroscopy for chemical analysis ( 
Introduction
Microsystems, such as microsensors, are devices and complex functional units based on various microtechniques. It is very important to design a suitable power supply system to meet the requirements of microsystems. This includes consideration of the energy consumption, and the provision of continuous and pulse currents. The continuous current required for a microsystem can be supplied by microbatteries, such as thin-film lithuim batteries [1] [2] [3] [4] [5] [6] and other thick-film batteries [7, 8] . Microcapacitors can be designed and fabricated in the circuits of microsystems to meet the requirement of pulse current. Solid-state capacitors, instead of liquid electrolyte capacitors, are suitable for assembly in microsystems through the use of microfabrication technologies.
Recently, solid-state electrolytic capacitors with the characteristics of smaller size, higher capacitance, greater reliability and more safety have been developed based on MnO 2 [9] [10] [11] [12] , TCNQ (7, 7, 8, 8 -tetracyano-1,4-quinodimethane) [13] [14] [15] [16] [17] ), or complex salts of organic semiconductor and conducting polymers [11, 12, . The general requirements for a solid electrolyte for use in a solid electrolytic capacitor are considered to be [39] : (i) high conductivity; (ii) process ability to impregnate elements of capacitors; (iii) solid adhesion to dielectric films; (iv) heat-resistance and long life; (v) no reaction with metals used as dielectric films, or not causing deterioration of dielectric films; (vi) ability to restore dielectric films; (vii) stable temperature characteristics. Solid-state capacitors based on conducting polymers have been studied widely in recent years due to their good adhesion to dielectric films, good performance at high-frequency and temperature, and excellent stability.
Using polypyrrole (Ppy) as a counter electrode, solid electrolytic capacitors have been prepared based on tantalum [15, 35, [40] [41] [42] , aluminum alloy [12] , and aluminum [6, 11, [19] [20] [21] [24] [25] [26] [27] 31, 41] . The Ppy was prepared on Ta 2 O 5 /Ta by chemical oxidation at a very low temperature [35, 43] . Excellent thermal and moisture stabilities have been found [25] [26] [27] , for an aluminum solid electrolytic capacitor with Ppy electrochemically prepared on a pre-coating layer (MnO 2 ) as an eletroconducting-polymer electrolyte.
When Ppy was doped with tri-I-propylnaphthalenesulfonate (TIPNS), the conductivity of Ppy stemmed from the addition reaction of oxygen [26] . An aluminum solid electrolytic capacitor based on Ppy displayed better high-frequency performance and thermal stability on replacing MnO 2 with Ppy that was chemically synthesized on Al 2 O 3 as a pre-coating layer [24] .
The simultaneous formation of Ppy and aluminum oxide on an aluminum substrate has been reported [4, 31, [44] [45] [46] [47] . Nevertheless, the capacitive characteristics of the simultaneous formation of Ppy/Al 2 O 3 /Al have been seldom reported [31] . This study focuses on the simultaneous preparation of an Al 2 O 3 dielectric film and a Ppy solid polymer electrolyte on Al foil. The factors affecting the preparation of the Ppy/Al 2 O 3 /Al film and the characteristics of the resulting solid-state capacitor are investigated.
Experimental

Materials
All chemicals (e.g., pyrrole extra pure grade >99.99% ACROS), dodecyl benzylsulfonic acid (DBSA, pure grade, TCI), sodium hydroxide (GR grade >99%, MERCK), sodium hydrogen phosphate (pure grade, 99.1%, TEDIA), sodium dihydrogen phosphate (pure grade, SHOWA), HCl (GR grade, 37%, MERCK), and methyl alcohol (99.98%, TEDIA) were not further purified prior to usage.
Preparation of Ppy/Al 2 O 3 /Al film
The electrolyte for preparing Ppy/Al 2 O 3 /Al was prepared by mixing the desired amount of pyrrole monomer and DBSA in a suitable concentration of acid aqueous solution. Before electrolysis, the aluminum foil was impregnated in 0.1N NaOH for 1 h to remove the native oxide film on the surface. The aluminum foil after pretreatment was immediately placed in the electrolyte that had been purged with nitrogen to remove dissolved oxygen. Electrolysis was controlled at a constant-current by a d.c. power supply (Keithley 237).
Assembly and properties of solid-state capacitor
The assembly of the solid-state capacitor based on Ppy/Al 2 O 3 /Al is shown in Fig. 1 . The capacitive characteristics of dissipation angle (tan δ), equivalent series resistance (ESR) and capacity (C s ), together with the leakage current (L c ) of the solid-state capacitor were measured by means of a LCR meter (Motech MT 4080A) and leakage current tester (Zentech CLC-203), respectively. The values of capacity (C s ) and tan δ were measured at a frequency of 120 Hz, and the value of L c was obtained at 100 kHz.
The surface morphologies of the aluminum foil substrate and the Ppy/Al 2 O 3 /Al were analyzed by scanning electron 
Results and discussion
Surface composition of aluminum oxide/Al
The thin-film of native oxide must be etched and removed with 0.1N NaOH before the simultaneous preparation of the Ppy film and the aluminum oxide film on the surface of the aluminum foil. The binding energies of the untreated aluminum surfaces and those etched with 0.1N NaOH at 303 K for 1 h were analyzed with ESCA and illustrated in Fig. 2a and b . The binding energies of the aluminum foil surface etched with 0.1N NaOH and then anodized to form aluminum oxide in the 0.1 M DBSA solution are shown in Fig. 2c . The major elements on the surface of the aluminum are found to be Al, O and C.
The O:Al element ratio decreases from 4.9 for the untreated surface to 2.12 for the surface etched with 0.1 M NaOH. The binding energy of Al (2p) is shifted from the untreated surface value of 74.3 to 73.9 eV for the etched surface. In addition, the binding energy of O (1s) on the etched surface indicates that the composition of this surface is AlO 2 − . A similar result is obtained for Al treated with an aqueous solution of high pH [48] . When the etched surface is anodized to form an oxide film in DBSA aqueous solution, the composition of the resulting film is determined to be Al 2 O 3 from the binding energies of Al (2p) and O (1s), which are 74.3 and 531.3 eV, respectively [49] . ing Ppy/Al 2 O 3 /Al at 0.5 mA cm −2 ( Fig. 3) . During the first stage, the formation of aluminum oxide film is accompanied by the formation of nuclei of Ppy in the pores of the Al 2 O 3 . The sharp increase in potential from 0 to 9.36 V with increase in electrolysis time from 0 to 1.5 min is due mainly to the formation of aluminum oxides in the first stage. In this stage, the surfactant of DBSA acts as both a supporting electrolyte and a dopant, in the Ppy film, and assist penetration of pyrrole into the pores of the aluminum oxide film and the formation of nuclei on the aluminum substrate [4] . During the second stage, the main reaction on the anode is propagation of the conducting Ppy film based on the nuclei formed in the first stage. The high conductivity of the Ppy film causes a lower rate of increase in potential with time during this stage. The potential increases from 9.36 to 31.07 V with increase in electrolysis time from 1.5 to 40.0 min. Furthermore, during the last stage, the sharp increase in potential is due to over-oxidation of Ppy within the pores of the aluminum oxide, as well as a significant decrease in the conductivity of the Ppy/Al 2 O 3 film located between the aluminum substrate and the aqueous electrolyte. The potential increases from 31.07 to 61.92 V with the increase in electrolysis time from 40.0 to 47.4 min, as illustrated in Fig. 3 .
Preparation of Ppy/Al
Effect of current density
Only the first stage is found in the relationship between potential and electrolysis time for current densities greater than 0.9 mA cm −2 , as shown in Fig. 4 . The potential increases sharply from 0 to 56.3 V with increase in electrolysis time from 0 to 3.0 min for a current density of 0.9 mA cm −2 . The absence of the second stage at 0.9 mA cm −2 results in only a small amount of Ppy on the surface of the aluminum foil (Fig. 5a ). The experimental results reveal that the rate of formation of Ppy nuclei within the pores of Al 2 O 3 is much less than that for the formation of Al 2 O 3 . Hence, the second stage (the propagation of Ppy film) is not found for current densities greater than 0.9 mA cm −2 . For a current density less than 0.75 mA cm −2 , the lower rate of formation of Al 2 O 3 causes the Ppy film to grow on from 0.5 to 0.75 mA cm −2 . The data indicate that electrolysis is favourable to the formation of Al 2 O 3 when the current density used to prepare Ppy/Al 2 O 3 /Al is increased.
Surface composition of Ppy/Al 2 O 3 /Al
The surface composition is affected severely by the cut-off voltage applied in preparing Ppy/Al 2 O 3 /Al, as shown in the ESCA spectra (Fig. 6) . The Al disappears and other elements such as C, N and S are simultaneously found on the surface when the potential for preparing Ppy/Al 2 O 3 /Al is greater than 15 V. As discussed above, the main reaction in the preparation of Ppy/Al 2 O 3 /Al is the formation of an Al 2 O 3 film when the preparation is located in the first stage for potentials less than 15 V (Fig. 3) . Therefore, the main elements on the surface found from the ESCA spectra are Al and O for potentials less than 15 V. On the other hand, when the potential is greater than 15 V, the preparation of Ppy/Al 2 O 3 /Al lies in the second stage (i.e., the propagation of Ppy film) and the surface of Al 2 O 3 /Al is covered by a Ppy film. Hence, the element Al disappears and elements N and S are found in the ESCA spectra (Fig. 6) .
Furthermore, analysis of the ESCA diagram (Fig. 7) reveals that the binding energy of Al (2p) shifts from 74.5 to 74.3 eV and the binding energy of O (1s) shifts from 531.7 to 531.3 eV when the potential for preparing Ppy/Al 2 O 3 /Al is increased from 5 to 10 V. The shift in binding energies indicates that the state of aluminum oxide on the Al surface is changed from AlO 2 − to Al 2 O 3 .
Effect of concentration of pyrrole
Three stages in the relationship between potential and electrolysis time for preparing Ppy/Al 2 O 3 /Al are found in the presence of 0.1 M DBSA and various concentrations of pyrrole monomer (Fig. 8) 
Effect of temperature
At capacity of the electrolytic capacitor is proportional to the reciprocal of the distance between the two electrodes, i.e., the thickness of the Al 2 O 3 barrier layer. The capacity of Ppy/Al 2 O 3 /Al decreases from 478.5 to 174.2 nF cm −2 as the cut-off potential is taken from 20 to 60 V, as shown in Table 1 and Fig. 12 . Increase of the Al 2 O 3 barrier layer will result in a decrease of conductivity and leakage current between the two electrodes. The leakage current (L c ) falls from 0.892 to 0.032 A cm −2 with increase in cut-off potential from 20 to 60 V (Table 1) . 
Effect of concentration of pyrrole on preparation of Ppy/Al 2 O 3 /Al
When the concentration of pyrrole for preparing Ppy/Al 2 O 3 /Al is increased from 0.05 to 0.15 M, and the cut-off potential and the temperature are set at 60 V and 6 • C, respectively, the leakage current rises from 0.009 to 0.405 A cm −2 , and the capacity of Ppy/Al 2 O 3 /Al changes slightly ( Fig. 13 and Table 1 preparing Ppy/Al 2 O 3 /Al. Consequently, the leakage current of Ppy/Al 2 O 3 /Al increases with increase in the concentration of pyrrole.
Effect of temperature on preparation of Ppy/Al 2 O 3 /Al
On decreasing the temperature, both the period and the potential of the first stage for preparing Ppy/Al 2 O 3 /Al increase (Fig. 10) . This behaviour may be due to the lower other hand, the capacity is only slightly affected by temperature. 
Conclusions
